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One of the key challenges for electrochemical water splitting is the development of low-cost and efﬁcient
hydrogen evolution cathode. In this work, a self-supported Ni-P cathode was synthesized by a facile
electrodeposition method. The composition and morphology were characterized by X-ray diffraction,
X-ray photoelectron spectroscopy, scanning electron microscopy and transmission electron microscopy.
The Ni-P cathode performed low onset over-potential, good catalytic activity and long-term stability
under neutral and alkaline conditions. The mechanism of Ni-P electrode for hydrogen production was
discussed by electrochemical impedance spectroscopy. The excellent performance of Ni-P cathode was
mainly attributed to the synergistic effect of phosphate anions and the self-supported feature.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nowadays, the demand for clean energy sources becomes
much more urgent for the problems from fossil fuels and en-
vironmental concerns [1–3]. Hydrogen energy has received
growing attention as an environmental friendly fuel due to the
large mass storage density and clean oxidation product water.
Electrochemical splitting of water into hydrogen and oxygen offers
an effective approach to produce pure hydrogen [4]. However,
electrolysis of water requires large over-potential. Currently, the
state-of-art cathode materials for the hydrogen evolution reaction
(HER) are platinum and other noble metals. Therefore, the ex-
ploration of low-cost and robust cathode materials is greatly sig-
niﬁcant [5].
Recently, many transition metals (including iron, cobalt, nickel,
copper) have been used for constructing HER electrocatalysts,
whose content increases according to the order: CooCuoNioFe.
Obviously, development of robust iron- and nickel-based electro-
catalytic materials is greatly desirable for making HER economic-
ally viable [6–8]. In this regard, kinds of Ni-based catalysts for
water reduction have been proposed, such as alloys [9,10], hy-
droxides [11–13], phosphides [14–16] and chalcogenides [17–19].
However, for most of reported results, the lack of intimate contact
between electrocatalyst and current collector limited the perfor-
mance of whole electrode [20]. Direct growth of electrocatalystsy. Production and hosting by Elsev
g).
als Research Society.on current collectors by electrodeposition method and self-sup-
ported structure could address this problem.
Electroplated Ni-P alloy systems have been used as corrosion re-
sistance, wear productive coating for industrial materials and hy-
drogen evolution catalyst. Dolgikh's group have reported electro-
deposited nickel phosphorus coatings for hydrogen evolution reac-
tion [21]. However, the available information on the catalytic prop-
erties of Ni-P alloys in the hydrogen evolution reaction is insufﬁcient.
In this work, a facile electrochemical route to fabricate self-
supported nickel phosphorus composites/Ni foam (Ni-P/NF) cath-
ode was proposed. The as-prepared Ni-P/NF cathode can be uti-
lized as cathode for HER with over-potential of 54 mV in neutral
and 30 mV in alkaline condition. Furthermore, the cathode re-
vealed good long-term durability.2. Experimental
2.1. Preparation process of Ni-P/NF cathode
The Ni-P/NF cathode was synthesized by a facile electro-
deposition method. Prior to electrodeposition, the Ni foams were
cut into 1.02.5 cm2 sheets ﬁrstly, and then soaked in acetone
and 1 M HCl for 10 min in sequence. For linear sweep voltammetry
experiments, the Ni foam was exposed to the deposition solution
(0.4 M NiCl2 and 0.6 M NaH2PO2 in water). A platinum sheet and
an Ag/AgCl electrode were used as counter electrode and reference
electrode respectively. The potential of consecutive linear scans
was cycled 15 times from 0.3 to 0.9 V (vs Ag/AgCl) with a scan
rate of 10 mV/s under stirring.ier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. (a) XPS spectrum of P 2p on Ni-P/NF cathode; (b) XPS spectrum of Ni 2p2/3 on Ni-P/NF cathode.
Fig. 2. XRD patterns of Ni-P/NF cathode and bare Ni foam (the inset is the XRD
patterns of Ni foam).
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Elemental distribution mapping and scanning electron micro-
scopy (SEM) images were taken on a Hitachi S-4800 scanningFig. 3. (a) SEM image of Ni foam; (b) SEM image of Ni-P/NF cathode; (c) TEM image of Nelectron microscope. A D8 X-ray diffractometer (Bruker AXS,
German) was used to record X-ray diffraction (XRD) patterns for
the composition and phase of electrode. Transmission electron
microscopy (TEM) and high-resolution transmission electron mi-
croscopy (HRTEM) images were collected by a JEM-2100 trans-
mission electron microscope (JEOL, Japan) to examine the mor-
phology and size of sample. Using an ESCALAB 250 Xi (Thermo,
USA) X-ray photoelectron spectrometer with Al Kα line as the
excitation source (hν¼1484.6 eV), X-ray photoelectron spectro-
scopy (XPS) was obtained to determine the chemical composition
and electronic structure, and adventitious carbon was used as re-
ference (284.6 eV for binding energy). The amount of H2 was
characterized by GC analysis, which was performed with FULI
GC9790 using a 5 Å molecular sieve column and a thermal con-
ductivity detector.
2.3. Electrochemical experiments
Through a typical three-electrode system, all the electro-
chemical experiments were carried out using a CHI 600 electro-
chemical analyzer (Chen Hua Instruments, Shanghai, China).
Before electrochemical experiments, the electrolyte was degassed
by gas mixture (80% N2 and 20% CH4) for 20 min. Methane was
used as the internal standard for quantitative gas chromatograph
analysis. An aqueous Ag/AgCl electrode in 3 M KCl and Pt sheet
were used as the reference electrode and counter electrode,i-P; (d) HRTEM image of Ni-P; (e) elemental mapping of P in the Ni-P/NF cathode.
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Fig. 4. (a) Polarization curves of Ni-P/NF, Pt, and bare Ni foam in 0.2 M KPi with a scan rate of 100 mV/s; (b) polarization curves of the as-obtained Ni-P/NF initially and after
1000 CV cycles in 0.2 M KPi; (c) the amount of H2 evolution catalyzed by Ni-P/NF at the over-potential of 130 mV in 0.2 M KPi; (d) current density–time (I–t) curve of Ni-P/
NF at the over-potential of 80 mV in 0.1 M Na2SO4.
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comparison, the electrocatalytic performances of bare Ni foam and
square Pt mesh (1010 mm2) were also measured.
The HER electrochemical activity of the cathode was evaluated by
linear sweep voltammetry (LSV) polarization curves obtained under
scan rate of 100 mV s1. Cyclic voltammetry (CV) scanning obtained
by scan rate of 100 mV s1 in the potential range from 200 to
60 mV for 1000 cycles was carried out to test the durability of cathode.
Electrochemical impedance spectroscopy (EIS) was recorded in the
frequency range of 105–0.01 Hz. All the potentials about electro-
catalytic hydrogen evolution were calibrated to the reversible hydro-
gen electrode (RHE) and converted according to following equation: E
(vs RHE)¼E(vs Ag/AgCl)þ0.208þ0.059 pH.3. Results and discussion
3.1. Structure characterization
After cyclic voltammetric deposition for several cycles, Ni-P
composite formed on the Ni foam. In order to verify the compo-
nents on the surface of the electrode [22,23], the obtained cathode
was characterized by XPS and XRD.
Fig. 1 shows the XPS survey spectra of Ni-P/NF electrode. There
are two doublets in the spectrum of the P 2p window (129.5 and
133.1 eV, Fig. 1a). The doublet at 129.5 eV was assigned to P in
phosphide, which suggests Ni2P grows along with the cyclic vol-
tammetric deposition. A broad feature at approximately 133.1 eV
in P 2p XPS spectrum was assigned to phosphate [5]. The Ni 2p
XPS spectrum (Fig. 1b) displays four peaks at 861.6, 855.9, 852.5and 852.0 eV. One peak at 852.0 eV corresponds to the zerovalent
nickel, demonstrating the existence of Ni. The peak centered at
852.5 eV is assigned to Niδþ in the Ni2P phase. The other two
peaks at 861.6 and 855.9 eV corresponding to the satellite peak
and Ni 2p3/2 binding energies, corresponds to the Ni2þ ions which
cooperated with phosphate ions leading to Ni3(PO4)2 [24].
Fig. 2 shows XRD patterns of Ni foam and prepared cathode.
There are three special diffraction peaks of Ni at 2θ¼44.8, 52.2
and 76.8, which can be assigned to (111), (200) and (220) plane of
cubic Ni (PDF#:03-1051), respectively. The peak positions with
patterns of Ni-P/NF are the same as the patterns of Ni foam, but
the intensity shows obvious difference which indicated Ni was
generated. The Ni2P and P was not detected, which may be due to
the amorphous structure and poor crystallinity.
Fig. 3 shows SEM and TEM images of bare Ni foam and as-ob-
tained Ni-P/NF cathode. Compared with bare Ni foam, lots of na-
noparticles were found on the Ni foam surface, indicating the
change of the Ni foam surface during deposition. The TEM image
(Fig. 3c) and HRTEM image (Fig. 3d) clearly show the micro-
structure of nanoparticles. It can be found that the crystallinity of
Ni-P nanoparticles with size about 100 nm was poor. Even dis-
tribution of P on the Ni-P/NF cathode was conﬁrmed by the results
of elemental mapping analysis (Fig. 3e). The typical lattice plane
distance of 0.205 nm is identical to Ni (111). These results indicate
that electrodeposition process is effective for preparation of Ni-P
composites on the surface of Ni foam.
3.2. Electrochemical performance
The HER activity of Ni-P/NF cathode was evaluated in pH¼7
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Fig. 5. (a) Polarization curves of Ni-P/NF, Pt, and bare Ni foam in 1.0 M KOH with a scan rate of 100 mV/s; (b) polarization curves of Ni-P/NF initially and after 1000 CV cycles
in 1.0 M KOH; (c) the amount of H2 evolution catalyzed by Ni-P/NF at the over-potential of 166 mV in 1.0 M KOH; (d) current density–time (I–t) curve of Ni-P/NF at the over-
potential of 66 mV in 1.0 M KOH.
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Fig. 6. (a) EIS spectra of Ni-P/NF electrode and Ni foam in 0.2 M KPi; (b) polarization curves of Ni-P/NF electrode in 0.2 M KPi and 0.1 M Na2SO4.
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foam and commercial Pt mesh were also examined under the same
conditions for comparison. From Fig. 4a, when the overpotential was
lower than 90mV versus RHE, the current density of Ni-P/NF was
higher than that of Pt. With a current density of 10 mA cm2, the
over-potential of Ni-P/NF cathode was low up to 54mV. Such high
activity of Ni-P/NF cathode can be rationalized to the presence of
phosphate anions. Fig. 4c shows the catalytic ability for hydrogen
production, which produced 70.8 μmol H2 during 3 h electrolysis.
Stability of cathode is very critical aspect in the practical application for
electrochemical HER. Durability was evaluated by CV scanning the Ni-
P/NF cathode continuously for 1000 cycles. After CV for 1000 times,the polarization curve of Ni-P/NF cathode was almost same with the
initial one, indicating its good durability (Fig. 4b). In addition, by the
long-duration electrolysis HER experiment, the stability of the Ni-P/NF
cathode was further assessed. A 24 h electrolysis in 0.1 M Na2SO4
under an over-potential of 80mV showed a steady current at
0.03 mA cm2 during the entire electrolysis process (Fig. 4d), sug-
gesting the excellent stability of Ni-P/NF cathode.
Under alkaline media, we further investigated the HER elec-
trocatalytic performance. The Ni-P/NF cathode also exhibits ex-
cellent activity and stability under alkaline condition of 1.0 M KOH
(pH¼14) according to the results shown in Fig. 5. For instance, an
over-potential of 30 mV was required to a current density of
R. Wu et al. / Progress in Natural Science: Materials International 26 (2016) 303–307 30710 mA cm2 and 101.5 μmol H2 was obtained through 3 h elec-
trolysis process. The high activity and durability in alkaline solu-
tion suggest that Ni-P/NF electrode is a well suited candidate for
HER.
3.3. Electrocatalytic mechanism
Based on structural characteristics and electrochemical prop-
erties of Ni-P/NF cathode, we think this cathode offers several
advantages for HER. The ﬁrst advantage in technique and catalytic
performance come from the structure characteristic of self-sup-
ported electrode. The growth of Ni-P on Ni foam ensures intimate
contact and excellent electrical connection between them, pro-
moting structural stability [25]. Secondly, the self-supported fea-
ture electrode affords rapid electron transport from the electrode
to the electrolyte, which is very signiﬁcant to increasing its HER
activity, providing an efﬁcient pathway for electron transport
through the entire circuit [26]. To conﬁrm this conjecture by in-
vestigating electron transfer, EIS of the Ni-P/NF cathode and Ni
foam were measured under the same conditions. The charge
transfer resistance (Rct) across the interface of the cathode and the
HER electrolyte was determined according to the semicircle at the
low frequency range. From Nyquist plots, the Ni-P cathode ex-
hibited a lower diameter than Ni foam, indicating a weaker charge
transfer resistance. Thirdly, the presence of Ni3(PO4)2 on the sur-
face of electrode acted as proton transport mediators and con-
tributed to the unprecedented activities of Ni-P/NF cathode [27].
To investigate the impact of Ni3(PO4)2, we carried out potential
polarization studies on Ni-P/NF cathode in pH¼6.9 Na2SO4 (0.1 M)
solution (without phosphate anions added in solution). As shown
in Fig. 6b, the catalytic activities are signiﬁcantly lower than those
observed in phosphate solution. The phosphate anions generated
from the preparation process and the phosphate anions existed in
the phosphate buffer produce common stimulate synergies, which
contributes to efﬁciency of transferring protons to vicinity of the
catalytic sites on electrode surface.4. Conclusion
In summary, we presented a self-supported nickel phosphorus
(Ni-P/NF) cathode for HER by a facile electrodeposition route. The
Ni-P/NF electrode demonstrated low onset over-potential and
long-term stability in both neutral and alkaline aqueous solutions
due to the synergistic effect of phosphate anions and the self-
supported feature. These results provide some insights into the
fabrication of low-cost cathode with high performance for water
splitting and also promote deep structure/activity investigations of
cathode in electrocatalytic hydrogen evolution.Acknowledgements
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